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OBJECTIVES

Electromagnetic / Structural

• Apply the previous Finite Element Model for The Armor Eddy Current Analysis
– Include the Reactor Vessel with the Armor plate

– Show Mesh Density and Boundary Conditions

• Apply Disruption Case of Magnetic Vector Potential from Opera Data Tables
– Data tables of Magnetic vector Potential (provided by others) are contoured as inputs to this analysis.

– Magnetic Flux B Field is contoured on the FE model as the curl of the applied vector potentials 

– Contour the voltage across the Armor during the disruption event

– Compare the B Field calculations from the updated ANSYS script with the OPERA results

• Provide Magnetic Results for:
– Current density at three discrete locations as a function of time.

• Trend identifies the critical time step during the disruption event

– Current Density as a Vector Plot.
• This result shows directional trends of current (entry and exit points) during the disruption  

– Provide Flux Density versus time and the time gradient of flux versus time at several locations

• Apply the previous Finite Element Model for Static & Transient Structural Results 
– Show the mesh and Structural Boundary Conditions

• Provide Transient Structural results for:
– Max Displacement at highest disruption event load step

– Contour results for von Mises stress and Transient stress trends during the disruption event

– Reaction Load Magnitudes and a comparison for each load step

• Provide Static Structural Reaction Load results at each load step
– Contour results for von Mises stress and stress trends during the disruption event loads

– Compare the Reaction Loads  for Static and Dynamic results for each load step

• Provide Conclusions and Recommendations
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ASSUMPTIONS

• Magnetic Vector Potential Data Tables:
– 2-D Opera Results uniformly expanded into 3-D as provided by Ron Hatcher through Srinivas 

Avasarala e-mail dated 2-19-10 as “VDE cases”

– The ANSYS APDL Load Script (and the underlying assumptions) is valid for these cases
• Infinite Wire field (Volume II Lectures on Physics (R. Feynman) Equation 14.21is added by superposition 

• Variations between Opera B field and Bdot calculations and the ANSYS is within tolerance

– Opera Data for VDE encompasses Max disruption load case

– ANSYS Element Solid 97 Classic Formulation

– Voltage at Vessel Boundary assumed to be zero potential
• (Historically the boundaries were coupled)

• All Components are Merged Integral Solids from Pro-Engineer
– No gaps or other nonlinear material properties

• Note: This will effect how load distributes through the structure.

• Note: This artificially adds strength to the structure that does not in reality exist.

– All Support Structure Braces are Merged Solids

• Note: Reaction Loads and moments are only approximate – not for final design

– Transient Dynamic Analysis assumes 0.5% structural damping

– Symmetric boundaries assumed at cylindrical cut 

• Single Uniform Material Property : 304 Stainless Steel
– Uniform constant density and Isotropic material properties.

– Temperature dependence is not included in this analysis
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NEUTRAL BEAM ARMOR  

SOLID MODEL

The Solid Model is Symmetric about 2 planes

Only ¼ of Armor model will be included in the FE analysis

Symmetric Section

Used for analysis
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MAGNETIC VECTOR POTENTIAL

ELEMENT MESH

A High Density Hexahedral Element Mesh (Type 97)

Classic Formulation – Keyopt 1 = 1 
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Opera Program

Magnetic Vector Potential AY

The hoop direction (AY) vector potential taken from Opera 

is the primary component contributing to the flux rate solution

Cylinder Boundary Set to Zero Voltage

                                                     

program Opera from 
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Voltage Contour

Voltage Contours (Volts) are banded and perpendicular to the 

current direction between armor supports during the disruption event

Cylinder Boundary Set to Zero Voltage
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Eddy Current Vector Fields

Outboard Displacement

The Eddy Current Profiles Show Current Sharing

Normal Vector Profile at Voltage Boundary Condition 

Reactor Boundary Set to Zero Voltage
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Eddy Current Vector Fields

Vertical Disruption

The Eddy currents circulate counterclockwise on the Armor surface

Induced current flowing across 

Armor plate surface in circular 

pattern
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CURRENT DENSITY  JT SUM

At Max Time Step for Vertical Disruption

The max current density occurs as the current exits the Armor

at the smallest section and sharpest corner through the bolt

Current Concentration at Exit
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Vertical Disruption 

Current Density Vs TIME

The Max Current Density Occurs at Time = 6.5 Milliseconds

Vertical Disruption Profile

210 E4 Amps/ M**2  at  Bolt / Weld Support
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STATIC & TRANSIENT  DYNAMIC  STRUCTURAL 

ANALYSIS
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Structural Boundary Conditions Are Defined in Coordinate System 5

to match the Solid Model design 

Structural Transient Boundary Conditions

Hoop  UY=0 Hoop  UY=0

Vertical  UZ=0



NSTX

ARMOR  PLATE

5/07/10

L. Bryant

Transient Max Radial Displacement

for Vertical Disruption

Transient Displacement at 18 Milliseconds after Initiation

Is symmetric on Armor Plate at .419e-3 m (16.49 mils)

Note:

The assumed rigid 

structural deflections will  

be larger on actual model.

Units are Meters.
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The Transient Displacement Results are Symmetric
(Based on Symmetric Structure and Merged Solids) 

Min = -0.181 e-3 m

Max =0.419e-3 m = 16.49 Mils

Transient Max Displacement 
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Transient Dynamic

Von Mises Stress 
(Vertical Disruption)

The Transient Equivalent Stress at Max Current is less than 10 Ksi

and well within the material strength capacity (Based on Merged Solids)

Vessel Interface

Weld Interface

Bolt Stress 

Flange 2

Flange 1

Vessel Edge 2

Max Stress = .501e8 Pa = 7,266 psi

Vessel Edge 1
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Transient Stress History  

Typical Transient Stress Trends During Disruption 

are low and well within the material strength capacity

Plate Support

Bolt Flange Stress 

Note:

See slide 19 for 

location of stress

Vessel Interface

Max = 59.2 e+06 PA = 8,586 psi
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Static

Von Mises Stress 
(Vertical Disruption)

The Max Static Equivalent Stress at Max Current is 8.99 Ksi

This disruption profile is not significant for the Armor

Max Stress = .62e8 Pa = 8,992 psi

Vessel Interface

Weld Interface

Bolt Stress 

Flange 2

Flange 1

Vessel Edge 1

Vessel Edge 2

Plate Support
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Static Stress Comparison 

Estimate of Dynamic Load Factor

Static Stress Variation for Disruption loads

The Dynamic Load Factor is approximately 1.278 on the weld Support

Weld Stress= 10,993 psi

278.1
596.8

993.10


Dynamic

Static

Dynamic

Static
Weld

K

K

U

U
DLF





Note:

The stress ratio would represent the 

Dynamic Load Factor
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Vessel Boundary 

Reaction Load Comparison

Vertical Disruption 

The Reaction Loads on the Vessel Boundary are low and very close 

in magnitude for the Vertical Disruption

TRANSIENT REACTION STATIC REACTION

Note: Flange refers to the Armor attachment points

0.1
38.10

37.10
DLR
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Dynamic Reaction Load Ratio Comparison
(Dynamic/Static)

0.87 <DLR for Attachment <1.03 0.88 < DLR for Vessel Boundary <1.32

The Dynamic Load Ratio for the two Armor Attachment Points

Is lower than the reactor vessel cut boundary

Note: Edge refers to the Reactor Vessel Cylindrical cut  

Boundary
Note: Flange refers to the Armor attachment points
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CONCLUSIONS
• The Armor Electromagnetic, Transient Dynamic and Static Structural analysis is complete based on the best

OPERA information available as of today and the assumptions of the merged solids.

• Induced Eddy currents were shown to transverse the Armor plate diagonally between the attachment points.

• The max current density ( 210 to 276 E4 Amps /M^2) occurs 0.006 seconds into the disruption event.

• The max transient stress ( 8,586 psi) and X displacement ( 16.49 Mils) occurs at 17 seconds into the disruption
event. These stresses are very low for the materials.

• The max static stresses (10,993 psi at load step 17) for the identical transient loads show that this disruption
profile is not significant and that the effective time constant is lower resulting in similar load reaction magnitudes
between transient and static load cases.

• The reaction loads are very small at the armor attachment points to the vessel hoop loads and the vessel
boundary. This demonstrates that the longer time duration of the disruption event does not necessarily imply that
reaction load magnitudes will be greater.

• The reaction load ratio (dynamic / static) is lower for the Armor Attachment points when compared to the reactor
Vessel boundary.

• The Dynamic Load Factor on this Merged solid is 1.278 on the plate Supports. This value would change if
flexibilities were included with a realistic and unmerged solid.

• The stresses from these loads are less than 10 ksi and well within the material capacity of 304 Stainless steel
based on all the assumptions such as merged solids. This could have significant effects on how loads are
distributed.
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RECOMMENDATIONS

• Complete the final Passive Plate disruption runs to compare with this analysis. This
work is currently in progress.

• Complete the thermal modeling on the armor to fully capture the max thermal gradient
and increases in load as electrical resistivity changes.

• Expand the structure runs to include sub models on the weld attachment points and
bolts. The stresses are low in theses results, however, if a large load is in reality
directed preferentially through one support (load follows stiffness) the stresses may be
very concentrated at one location. This is not included in this analysis.

• Evaluate reductions in the stiffness on this structure by unmerging the supports from
the assumed rigid boundary and re-evaluating to assume that load is distributed as
expected.

• Verify that each element in the Electromagnetic FE model has a rotated element
coordinate system that matches the ANSYS nodal cylindrical coordinate system #5 to
assure that induced disruption currents are aligned.

• Each analysis data set should provide a side by side comparison of the OPERA data
for at least one point for B field and Bdot to validate the analysis inputs.
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APPENDIX 1

Show the foundations of the applied equations in the scripts used in the analysis

• Show the ANSYS Analysis Script with applied embedded equations

•Identify variables used to apply electromagnetic loads in the equations.

• Identify how the OPERA data is applied and what is calculated by ANSYS software

•Demonstrate from fundamental physics how the applied theory for the infinite wire is formulated.

•Show how the applied vector potential equation and Curl operator components are derived for use in the analysis script.

•Show how the Vector Potential equations are applied in the ANSYS analysis script on a simplified cylinder that 

approximates the reactor.
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Internal  PPPL  Electromagnetic  Script 

Ay from Opera Tables

Az from assumption of infinite wire see 

derivation of this equation in next slide

Ax assumed = 0

Electromagnetic ANSYS Command Script

Used in the Armor Analysis

The script applies only one value (Ay) from the Opera tables

Other values are calculated or assumed as zero
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DERIVATION  OF  SCRIPT 

VECTOR  POTENTIAL  EQUATION
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Amperes Circuital Law

Addition of factor of 2 used since X coordinates in geometry must be > zero  

The Derivation of the equation used in the script for the vector potential (Az) 

is completed based on assumptions of Infinite wire and known operating parameters

for the NSTX upgrade coil

Parameters for NSTX upgrade are known
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DELL  OPERATOR  ASSUMPTIONS

• The dell operator on the vector potential can be defined as zero

• Variation of A in theta are zero due to symmetry

• Variation of A in vertical Z are zero due to symmetry

• Variation of A in the radial are defined inversely as a function of radius r

• Note: R. Feynman equation 18.23 does not make this assumption for Transient   
analysis

• The assumption of a long straight wire with a steady current applies for applying transient boundary 
conditions as provided in Volume II Lectures on Physics (R. Feynman) Equation 14.21

• The B Field in ANSYS is calculated based on the reduction of the Curl Operator as:
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Curl Operator Assumptions

The theoretical B field from the Curl Operator

Is inconsistent with the resulting ANSYS contour plots
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FE Model For Field Result Comparison

Outer radius = 2.0 m

Inner Radius = .854 m

A simplified model of the Reactor space as a cylinder for comparison of 

the field calculations using the Electromagnetic Script

Solid 97 for 3-D

Magnetic Fields

z

r
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Script Input Vector Potential AX 

Note:

AX  is assumed to be zero in the ANSYS command script shown 

above 
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Script Input Vector Potential AY

Values taken from OPERA program 
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simple function of 1/r 

1.)Varies as an inverse function of  radius at 
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2.) No variation at any fixed coordinate as 

hoop position changes.
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program Opera from                                                          
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Script Input  Vector Potential AZ 

Assumes Infinite Wire

z

r

NOTE:

Az  values only change as a function or radius from the 

infinite wire equation derived above. 

There is no change in Az as the hoop coordinate 

changes at any position.  
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ANSYS  BX  FIELD 

Calculated from Script Input 
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Bx  properties in Script:

1.) Symmetric in magnitude about the Z=0 plane.

2.) Has no significant change at any fixed position as               

hoop coordinate changes.

3.) Largest change is a function of Z at outer diameter 

and lower variation at inner diameter.
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BY  FIELD

Calculated from Script Input   
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Note: Opera assumes that there are no 

changes to By as the hoop coordinate 

changes. 

The ANSYS Script applies this contour

Properties of BY in Script:

1.)Varies an inverse function of  radius

2.) No variation at any fixed coordinate 

as hoop position changes.

3.) This component is the largest 

contributor
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BZ  FIELD

Calculated from Script Input 
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Properties of BZ in Script:

1.)Varies an inverse function of  radius at but 

at different rates of change at different 

positions along Z axis

2.) No variation at any fixed coordinate as 

hoop position changes.
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B Field vs Time

Ideal Cylinder   r=1.77   y=-153   z -.133
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program Opera from 
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r
XAB zz




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The  field from the Ideal Cylinder shows Bz is the largest contributor

By from the infinite wire has a very small and constant value
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B Dot vs Time

Ideal Cylinder   r=1.77   y=-153   z -.133
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The  Flux rate (Bdot) from the Ideal Cylinder shows Bz dot is the largest contributor

By from the infinite wire has a very small relative impact 
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APPENDIX 2

Demonstrate that the Applied Electromagnetic Loads Applied in the Armor Analysis is 

Conservative with the applied script.

• Compare the electromagnetic  B fields  and rates of change of B fields applied by using the ANSYS 

script to the values provided in the OPERA program at several discrete locations in the Neutral Beam 

Armor analysis above.

• Demonstrate how the resulting contour  plots of these equations for Vector  Potential and B Field did 

not completely match the intended assumptions in the Neutral Beam Armor analysis.

•Show how the applied loads in this ANSYS electromagnetic analysis are very conservative in 

comparison to the OPERA calculated analysis.

•Show what corrections were made to the electromagnetic script to reduce the conservatism applied in 

the script and to allow the OPERA electromagnetic data to match the ANSYS data.

• Show a test case of the Neutral Beam Armor with the corrections and demonstrate that a much better 

match in the Opera to  ANSYS data had been obtained.
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ANSYS 

B  FIELD  COMPARISON

Three Locations Identified for B OBD Field from ANSYS program

Data shows BZ is the largest contributor during disruptions

Highlighted Data Graphed & Compared to OPERA next Slides

NODE        R           Y           Z

29680    1.5776     -151.95    -0.14623 BOLT WELD

38971    1.5388     -153.70    -0.17847 PLATE

103492    1.5703     -171.92    -0.39053 PLATE SUPPORT
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OPERA FIELD & FLUX RATE For OBD R. HATCHER 5-3-10 

(r=1.5776 m Z =-.014623 m )

ANSYS FLUX RATE  FROM OUTBOARD 4-30-10 

OPERA Vs ANSYS 

FIELD & FLUX RATE COMPARISON
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OPERA VS ANSYS

FLUX RATE COMPARISON
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ANSYS & OPERA Provide Similar Br Fields

By field is added field from the infinite wire assumption

Bz is the largest component during disruption – based on Opera Ay

program Opera  fromA : since                                                        

 profiles  symmetricfor    )( fA : since    
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ANSYS Br is a function Ay from 

Opera and Z coordinates on model 

OPERA Vs ANSYS 

B  FIELD COMPARISON
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OPERA VS ANSYS

FLUX RATE COMPARISON
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ANSYS BZ dot

OPERA Vs ANSYS 

FLUX RATE COMPARISON

ANSYS disruption is primarily controlled by Bz dot which is derived from 

the Ay input from Opera – The relative contribution of By is small
This shows that the ANSYS electromagnetic loads were very conservative
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ANSYS Br dot is a function Ay from 

Opera and Z coordinates on model 
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Element System Rotation Script

This Script Was Used on the ANSYS database to Insert and Rotate the Element 

coordinate system – This was only necessary to assure  Bz dot and By dot graphical 

comparisons match the data provided in OPERA.  Nodal stresses and Nodal Loads are 

essentially the same with or without this change 
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OPERA  B  FIELD 

COMPARISON

The primary contributor (Bz) to the Flux Field is switched 

with By Field History

                                                     

program Opera from 

    
)(1

     





A

r

rA

r
XAB zz






INCLUDE ESYSTEM EXCLUDE  SYSTEM

Bz vs By

Elem # 67164 Elem # 67164
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B dot 

COMPARISON

The primary contributor (Bz) to the Flux Field is switched 

with By Field History

INCLUDE ESYSTEM EXCLUDE  SYSTEM

Bz vs By
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OPERA  Data Translation 

AzzBrBr

AzrB

AXrrB

rAXXArrAXXA

rA

zr 













][

)(*

                                   

                                   

                                   

  B                 

A                 

:assumes program - OPERA

Field neticElectromag B

Opera in PotentialVector A

*

*

To reduce the conservatism in the magnitude of the previous Bz data and to get 

closer correspondence to the ANSYS data it was determined that the ANSYS script 

would need to have all applied vector potential data values provided by OPERA be 

divided by the radius at  of each point.

The next slide applies this correction and demonstrates the improvement.

ANSYS script did not previously 

incorporate the additional radius 

term in the OPERA data
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APPENDIX 3

• Demonstrate for the VDE disruption file that applying the changes described results in a an 

excellent match in the B field and flux rate data between ANSYS and OPERA. 

– Switch the element coordinate system with Z & Y to assure the resulting fields and 

current densities are aligned properly.

– Divide all OPERA program Vector Potentials by the radius at each location.

• Recommended by R. Hatcher 5-12-10
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OPERA / ANSYS 

DATA INCLUDES:

1.) Infinite Wire Assumption

2.) Rotated Element Coordinate System

a.) Bz major contributor to flux Rate

b.) By is almost no contribution to flux rate

3.) Divided out radius from all points for OPERA data
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ANSYS SCRIPT

Infinite Wire Included

OPERA    Data 

Divided by radius
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Opera Program

Flux Field at Max Time Step

The primary contributor (Bz) to the Flux Field is calculated from 

The Curl of the input Vector Potential provided by the Opera Program

                                                     

program Opera from 
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r
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ANSYS 

B  FIELD  COMPARISON

Three Locations Identified for B Field VDE disruption from ANSYS program

Data shows BZ is the largest contributor during disruptions

Highlighted Data Graphed                  NODE        R           Y           Z

29680    1.5776     -151.95    -0.14623 BOLT WELD
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ANSYS & OPERA Provide Almost Identical Br and Bz Fields

ANSYS By field is added field from the infinite wire assumption

OPERA Vs ANSYS 

B  FIELD COMPARISON

    -   
z

A
XAB rx




 

     
r

A
XAB z




 

  
)(1

r

rA

r
XAB zz




 

 zB

OPERA VS ANSYS
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ANSYS  

VDE DISRUPTION  B Dot

Weld B dot for Field VDE disruption from ANSYS program

Data shows BZ is the largest and Br a close second contributor during disruptions

The BY dot is zero and has no contribution
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OPERA FIELD & FLUX RATE For OBD R. HATCHER 5-11-10 

(r=1.5776 m Z =-.14623 m )

OPERA  

VDE DISRUPTION  B Dot
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OPERA VS ANSYS

FLUX RATE COMPARISON
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ANSYS BZ dot

OPERA Vs ANSYS 

FLUX RATE COMPARISON

ANSYS and OPERA data are excellent matches for all time points

ANSYS By dot is zero since input as a constant

Bz dot is the largest contributor

                                                     

program Opera from 
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CONCLUSIONS

• The Electromagnetic script used for processing the ANSYS models has been checked and evaluated 
for input and theoretical values.

• The ANSYS Field calculations for Bx is similar to OPERA, however, the ANSYS Bz is significantly 
different from the OPERA values for the disruption file provided for the OBD disruption.

• The results demonstrated that changes to the script were necessary in order to assure consistency 
with the OPERA electromagnetic data. 

• An APDL script (ESYSTEM-MODIFY) was constructed to include an automatic generation of an 
element system that corresponds with the cylindrical nodal coordinate system 5. The script selects the 
users defined element types and modifies each one separately while maintaining the previously define 
values for Real, Mat, and Type numbers.

– Each user will need to independently verify that their all of their FE model elements have this 
element system defined and that each element has been rotated into this system.

• With the changes to the script we determined for the OPERA field results:

– Br are close and differences could be explained with small position differences.

– Bz results are significantly different due to differences in the theory and perhaps some mistake 
in the generation of the disruption profiles.

– ANSYS   Bz is calculated based on input of AY from Opera and is the largest rate contributor.

– OPERA   Bz is calculated based on additional coils that we do not model or include in ANSYS

– ANSYS   By is a constant as input from the script (Infinite Wire) Opera does not have a By value

• Without adding the rotated element coordinate system the BY and BZ field values are switched in the 
result output.



NSTX

ARMOR  PLATE

5/07/10

L. Bryant

RECOMMENDATIONS

• Previous runs using the in house Electromagnetic script should be re-

checked to verify that results are consistent with the new element 

coordinate system addition.

• The attached APDL script (ESYSTEM-MODIFY) can be used to generate 

the proper cylindrical coordinate stem and change all of the elements in the 

model to include this change.

• Consider evaluating the influence of discretization error by investigating Ron 

Hatchers mesh.

• Given that the Bz and Bz-dot field calculations are significantly different, we 

need to establish a more robust central data base for cataloging the 

disruption files. 
– Text Headers should be added to each disruption file to assure that we have a traceable 

record for each data set.

• Every disruption analysis data set evaluated by the stress group should 

include or have added a side by side comparison of the OPERA filed and 

rate comparison along with the analysts results.
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DATA   FILES  

– Location of ANSYS Data Base; Analysis Scripts; 

P:\public\Snap-srv\Bryant_Larry\NEUTRAL BEAM ARMOR CALCULATION
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DATA   FILES  

– Location of Original Disruption files:
P:\public\Snap-srv\Bryant_Larry\NEUTRAL BEAM ARMOR CALCULATION\EMAG-SCRIPT-CHECK-5-13-10\DISRUPTION LOAD CASES
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DATA   FILES 

E-mail History

P:\public\Snap-srv\Bryant_Larry\NEUTRAL BEAM ARMOR CALCULATION\EMAG-SCRIPT-CHECK-5-13-10\E-mails on this subject




